Abstract-Multilayer materials with metal-metal bonded structure have been widely applied in aviation, aerospace, and nuclear industry. Disbond is prone to exist in leadsteel bonded structure, which degrades the load capacity and mechanical behaviors. Thermography nondestructive testing is a potential candidate for sub-layer defect detection. However, lead-steel bonded structure is unbearable when undertaken with over-heating of instantaneous temperature, which will lead to subsequent damage or generation of more unpredictable disbond. In addition, detection sensitivity of the deeper defects requires to be enhanced. In this paper, the mathematical derivation and the implementation of the periodic pulsed thermography have been established for detecting inner defects of lead-steel structure. This has been especially conducted for detecting small and deep defects that require high energy to increase detectability. Validation of the proposed method has been undertaken on both inductive thermography and optical thermography. The obtained results have demonstrated that periodic pulsed thermography is highly efficient for deep inner defect inspection of metal-metal bonded structure.
I. INTRODUCTION
L EAD-STEEL bonded structure has characteristics of antinuclear radiation, high strength and anti-fatigue, which has been widely applied in nuclear industrial fields. However the bonded structure is prone to exist poor bonding, voids, porosity, and disbond defect during the manufacturing process as well as in service stage. These defects damage the integrity of the bonding structure, which can lead to the degradation of the load capacity and mechanical behaviors, even to radiation leakage [1] - [3] . Therefore, it is essential to develop a reliable non-destructive test (NDT) method to assess the bonding quality and guarantee safety.
Detection for lead-steel bonded structure has two challenges: complex multi-layer structure and thickness. Extensive studies have been carried out to evaluate adhesive quality of the bonding structures [4] , [5] . The magnetic particle testing has limited penetration and will contaminate the specimen [6] , [7] . Ultrasonic testing (UT) based on the propagation of ultrasonic waves in the object has good detectability for inner defects. However, common UT method requires couplant while this is not allowed by the nuclear industry in detecting lead-steel sample [8] , [9] . Laser Ultrasonic NDT has a good detection resolution for inner defects. However, it requires an ideal operating environment to guarantee the inspection quality, which is limited for the on-line detection. X-ray CT has high detectability for inner defects and can be used to quantitatively measure the depth of the defect [10] . However, X-ray cannot be applied in detecting lead-steel structure due to its limited penetration on the lead layer. Eddy current test has high sensitivity to surface crack for conductive material inspection. However, it is difficult to access the inner defect because of the limitation of the penetration. Therefore, the Infrared (IR) thermography NDT is a potential candidate to inspect this kind of structures because of its ability of noncontact and fast as well as wide inspection [11] - [13] . The system of thermography NDT can realize portability and miniaturization, which is propitious to the on-line detection.
Active Infrared (IR) thermography can be divided into diverse modes depending on the extern stimulus such as pulsed thermography (PT), square pulsed thermography (SPT), step heating thermography (SHT), and lock-in thermography (LT) [14] - [18] . This can be summarized to two categories: transient mode and steady-state mode. Transient mode pays attention to transient changes in temperature, while the steady-state mode focuses on the steady-state changes in temperature. A strategy is built to combine the advantages of both modes in order to obtain more effective information to improve detection sensitivity. These include pulsed phase thermography (PPT), [19] , [20] , frequency modulated thermal wave thermography [21] , and code pulses thermography [22] , [23] .
In this work, the task is to detect inner defects in the leadsteel structure. In transient mode, a long pulse is required to inspect the smaller or deeper defects due to physical property of the structures. However, the bonding layer and lead part of this structures is not allowed to withstand over-heating as instantaneous temperature rise. Therefore, a periodic pulsed thermography NDT as a combination of transient mode and steady-state mode is proposed.
Periodic pulsed thermography can detect smaller and deeper defects without damaging the adhesive. This is due to that it delivers adjustable energy to specimen while avoids instantaneous temperature rise. The theoretical derivation and verification have been conducted and a matched data processing method has been analyzed. Concurrently, the signal resolution has been improved due to the periodic attribute. According to the results of experiment, this method can detect least size of 4 mm at depth of 1 mm, and disbond defects at the second layer, whose depth is 5 mm under the surface. In addition, one of the main strengths of the periodic pulsed thermography is that it is able to provide the setting of the minimum cycle, as the defects with different depth will influence different frequency response. Secondly, compared with the lock-in thermography system, periodic pulsed thermography system can be simply established by adjusting the pulsed thermography system.
The outline of the work is organized as follows: Section II describes the theory derivation of periodic pulsed thermography and introduces the data processing method. In addition, systems of both eddy current thermography (ECT) and optical thermography (OT) have been applied. Section III describes the simulation with COMSOL Multiphysics. Sections IV and V present the results of experimental work and detailed discussion as well as comparison. Finally, Section VI presents the conclusion and future work.
II. THEORY AND METHODOLOGY

A. Mathematical Model of Periodic Pulsed Thermography
Periodic pulsed thermography adopts periodic pulse to stimulate the specimen and consequently obtains a modulated temperature rise. The periodic pulse can be written in the following expression:
where q(t) is the heat power, q 0 is the amplitude, T 0 is the period and t is the heating time. This periodic function can be analyzed using the Fourier expansion:
where ω is an angular frequency. When the specimen is heated, the heat flux can be considered as two parts depending on the linear superposition principle i.e., constant heat flux q 0 2 which produces the increase in temperature, and harmonic heat flux which produces harmonic thermal modulation.
According to the theory of thermal conduction [24] , the steady state solution for single frequency harmonic heat flux in an isotropic and homogeneous material is represented in (4). This supposes infinite depth and the plane thermal wave propagating along with the depth direction.
where α = k/(ρc) is the thermal diffusion coefficient, k is the heat conductivity, ρ is the density, c is the specific heat at constant pressure and z is the depth. The quantity is the so-called thermal diffusion length. The amplitude factor A can be obtained from amplitude of the surface power density q 0 by calculating the heat flux through the surface at the z = 0, namely
On the surface, the solution to single frequency harmonic heat flux at frequency ω is shown in (8) :
Similarly, the steady state solution for multi-frequency harmonic heat flux of q(t) can represent as (9) .
The transient state solution can be obtained by partial differential equations due to constant heat flux. (10) where R th is the thermal resistance of sample material. The transient solution of q(t) is written as follows:
where τ = ρcR th denotes time constant, and T = p 0 /2 × R th As discussed above, the solution of T (0, t) is obtained by linear superposition principle:
B. Fourier Analysis
Fourier Transform is applied to analyze the thermal image sequences of the periodic pulsed thermography.
where t is the sampling time step, R( f ) and I ( f ) are the real and imaginary components of F( f ), respectively. The amplitude and phase spectrum were computed by using (14) and (15), respectively.
C. Exciting Modes
In this paper, two types of stimulation source have been selected to heat the specimen: eddy current and optical. Eddy current stimulation drives an excitation coil with high frequency current above the conductive material. The current in the coil then induces an eddy current in conductive material. Due to the skin effect, the density of eddy current decreases sharply under the surface. The skin depth δ is defined as the depth when the eddy current density decreases to 1/e of the surface:
where μ is magnetic permeability, σ is the electrical conductivity, f is the excitation frequency. Eddy current produce joule heat as an inner heat source. The heating depth δth is defined as the depth when the heating power decreased to 1/e of the surface:
Three heating modes can be deduced depending on the δth, 1) surface or subsurface heating when δth far less than the thickness of specimen, 2) local volume heating when δth is unable to ignore but less than thickness of specimen, and 3) volume heating when δth exceed the thickness of specimen.
Optical stimulation utilizes Halogen lamp to heat the specimen on the surface. The whole process consists only of heat conduction which satisfies the thermal wave conduction theory.
III. SIMULATION STUDIES
In order to verify the detection feasibility of the periodic pulsed thermography for lead steel bonded structure, the numerical studies were conducted using multiphysics finite element modeling (FEM) software COMSOL Multiphysics 5.0. 
A. Simulation Model and Result in ECT
Three Dimensional (3D) numerical modeling of induction heating of bonding structures was performed in Fig. 1 . The size of structure is constant as 120 mm × 70 mm. The thickness of the first lead layer L1 and the second lead layer L2 is 1 mm. The thickness of the first steel layer S1 and the second steel layer S2 is 4 mm. They are bonded by adhesive layers E1, E2, and E3, respectively, which is set as 0.2 mm. The excitation copper tube coil was modelled by outer diameter of 7 mm and internal diameter of 5 mm. Defects were modelled by the air gap. The lift-off distance between the coil and the surface of structure is 0.5 mm. The entire domain was enclosed in the truncated air boundary with a constant surrounding temperature of 293K. Table I illustrates the material parameters in simulation. The inner disbond defect is simulated by using a circular block with thickness of 0.2 mm and diameter of 5 mm, located in the center of the bonded layer.
The free tetrahedral has been selected to mesh the model as shown in the Fig. 2 . An external current of 380A at a frequency with 251 kHz was selected. The generated eddy current in the specimen were evaluated by using Maxwell's equation and the heat diffusion can be defined by using general heat transfer equation. Heating and cooling analysis for duration of T/2 were alternately used to the model as a pulse. T is the cycle. The selection of integration method and convergence analysis were finished automatically by the COMSOL.
In simulation, single pulse with cycle of 6s, two pulses with cycle of 3s and three pulses with cycle of 2s were chosen as the same energy is applied. The sampling frequency is 50 Hz. According to lead property, the skin depth and the heating depth of lead is 0.457 mm and 0.228 mm, respectively. It is less than the thickness of the specimen but unable to ignore, belonging to local volume heating. The depth of defect is located at 1 mm under the surface. Thus, the density of eddy current at depth of 1 mm is too small. An internal heat source cross-section under the excitation coil through the specimen is shown in Fig. 3(a) .
In Fig. 3(a) , the red marked region represents the internal heat source. The white marked region represents the defect area. It represents that the area of eddy current heating appeared on the near surface due to the eddy current penetration depth. As penetration depth is significant small, the disturbance of the defect to the eddy current is negligible. The eddy current plays the role of internal heat source and the heat conduction dominates in detection of lead steel bonded structure. The thermal image is shown in Fig. 3(b) . The defect area has a higher temperature. The transient temperature response at a pixel allocated in the defective area has been analyzed, which is shown in Fig. 4 .
In Fig. 4 , the blue line describes the transient temperature response of one pulse, the green and pink lines illustrate the transient temperature response of two pulses and three pulses, respectively. The maximum temperature rise of two pulses decreases by 11% compared to one pulse, and by 17% in the case of three pulses. 
B. Simulation Model and Result in OT
In OT, the 3D geometry of the lead-steal bonding structure is the same. However, the coil is replaced by the inward heat flux, which is injected onto the surface to simulate optical heating. In thermal image, the defect area is shown as a hot zone as shown in Fig. 5 .
The transient temperature response at a pixel allocated in the defective area is shown in Fig. 6 .
In Fig. 6 , the blue, the green and the pink lines illustrate the transient temperature response of one pulse, two pulses and three pulses, respectively. The maximum temperature rise of two pulses decreases by 6% compared to one pulse, and by 11% in the case of three pulses. Therefore periodic pulsed thermography is capable to decrease temperature rise.
C. Data Analysis in Simulation
The ECT and OT have the similar transient temperature response and the Fourier Transform is applied to analyze the thermal transient data. As shown in Fig. 7 , compared to single pulse stimulation, the amplitude and phase spectrum is modulated by periodic pulse. Amplitude and phase spectrum has response on the frequency of ω, 3ω, 5ω, 7ω, 9ω · · · · · · only, and frequency component 0 is the response of the DC component (constant heat flux). Therefore, the signal resolution is increased. Simultaneously, the resolution can be improved by increasing ω, however, the thermal diffusion length will be decreased according to (5) . Therefore, ω should be chosen to balance defect depth and the resolution.
As discussed in Section III, the simulation result has satisfied the theoretical derivation and verified the feasibility of periodic pulsed thermography. Not withstand above, the simulation result indicated that the periodic pulsed thermography contributes to decrease temperature rise and increase the signal resolution. Fig. 7 . The amplitude spectrum of (a) one pulse; (b) two pulses; (c) three pulses. The phase spectrum of (d) one pulse; (e) two pulses; and (f) three pulses.
IV. EXPERIMENT SET UP
A. Experiment System
The system of eddy current thermography (ECT) and optical thermography (OT) are shown in Fig. 8 . In ECT, the exciting frequency is 301 kHz. The distance between specimen and coil is 1 mm. In OT, the Halogen lamp is selected with the power 1 kw. Considering the size of specimen, only one lamp is used. The distance between lamp and specimen is about 0.5m. The IR camera is FLIR A655sc with a high resolution 640× 480 array and a sensitivity of 30mK. The sampling frequency is 50 Hz.
B. Specimen Description
The specimens used in experiment were divided into three groups. Group1 is two layers standard specimen as shown in Fig. 9 . The depths for 9 defects are constant as 1 mm but the size are set as 14,12,10,9,8,7,6,5 and 4 mm, respectively. Nine defects are sequentially numbered as defects 1 to 9 as shown in Table II . The defect is set as through hole which is visualized at the rear side. Emissivity of material has been adjusted by using a classic method of using black paint to make emissivity close to 1.
Group 2 had two specimens whose defect's size is larger than 10 mm. The defect located at the different bonding layer. The defect is set on the adjacent steel layer as shown in Fig. 10 . The depth of the defects with different layer is about 1 mm and 5 mm, respectively. Defects are inner defects which is invisible and it located in the center of specimen. The surface was covered with the black paint as well.
Group 3 adopted the specimen of group1 except that the surface was not covered by black paint. 
V. RESULT AND ANALYSIS
A. Theoretical Formula Validation
Specimen with a large and shallow defect has chosen for better verification of the theoretical derivation. The experiment adopted the ECT mode and the current was set as 480A. The exciting frequency is 301 kHz, and the sampling frequency is 50 Hz. The cycle of pulse is 2s and three pulse have been utilized. The raw data is shown in Fig. 11 . A pretreatment is applied to the data to subtract the first frame from the temperature sequence.
In Fig. 11 (b) , the blue line is derived from spot 1 at the defect area, and the green line is from the spot 2 at the nondefect area. The temperature rise in the non-defect region is about 42K which is acceptable in inspection progress of leadsteel bonded structure. The transient response is compared with the curve fitting result as shown in Fig. 12 . The blue solid line is derived from the experiment data and the red dash line from the curve fitting formula (12) .
Both correlation and error analysis have been carried out. It should be noted that all the validation studies have been conducted by Monte Carlo based experiment approach where the process is repeated over 20 realizations. The correlation coefficient is close to 1 and the error is about 0.1. This shows that the proposed theoretical derivation has successfully modelled the periodic pulsed thermography within 10% of error.
Through the Fourier Transform, the frequency spectrum of defect region is shown in Fig. 13 . This is consistent with the simulation results.
The transient response in Fig. 11 (b) shows that the temperature rise in defect area is high. A decreased current between 120A and 380A is chosen in subsequent experiment, which is supported by periodic pulsed thermography. A contrast specimen with a small defect has been compared. The raw data is shown in Fig. 14 .
The blue line was derived from spot 1 at the defect area, and the green line was from the spot 2 at the non-defect area. The temperature rise is smaller to 10K. Through the Fourier Transform, the frequency spectrum of defect region is shown in Fig. 15 .
The result is consistent with the simulation results, except that the sensitivity of phase is decreased.
B. Pulsed Thermography Versus Periodic Pulsed Thermography
In order to clearly interpret the detection performance, the results of group 1 was divided into two cases. Case 1 contains defects 1 to 7 where periodic time is set as 2s and 6s recordings. In addition, the single pulsed mode is used for comparison where it is set with heating time 3s and the cooling time is 3s. Case 2 includes defects 8 to 9. The periodic time is set as 10s and recording time is 30s in periodic pulsed mode, while the heating time is set as 15s and cooling time is 15s in single pulse mode. Case 1: single pulsed and periodic-pulsed ECT and optical thermography are compared in the condition of the equal energy. The signal-to-noise ratio (SNR) is calculated for validation. SNR describes the thermal contrast between defective region considered as "signal" and non-defective region defined as "noise" [25] . The calculation of SNR in dB [31] is defined below:
where T m D and T m N are average temperature in defective and non-defective regions, respectively. The σ (T m N ) is the temperature standard deviation in the relevant non-defective regions. The results represented in Table III . Obviously, the SNR is affected by the sound area and uneven heating [26] . However, in this work, the SNR is used to compare the single pulse and periodic pulse. In ECT or OT mode, the experiments of single pulse and periodic pulse are implemented at the same condition. This set decreases the effect from location of camera and the observation angle. Therefore, the regions for calculating SNR were basically consistent in the same mode. SNR equal to 0 represents that the defect cannot be detected. The SNR result can be visualized in Table IV and Table V .
It indicated that defects from 1 to 7 of case 1 can be detected easily due to the large size. The SNR of defect 8 is 0 except in optical periodic pulsed mode. However, the SNR of defect 8 is lower than 5 dB, which is a suspect inspection result. Therefore, 7 defects have been detected in Case 1 with the probability of detection at 77.8%. Additionally, it demonstrated that the SNR is similar by comparing the single pulse excitation and the proposed periodic pulse excitation except defect 2 in ECT mode. The SNR of defect 2 in single pulse is 12dB which is less than that of the periodic pulse. It shows that periodic pulsed thermography is less sensitivity to local uneven heating.
Furthermore, through the comparison of ECT and OT, the SNR is similar and relevant to the defect size. However, defect 2 had a large fluctuation in ECT. The reason is that the defect locates away from the valid detection range which is constrained by the shape of the coil. Simultaneously, the ECT had coil masking problem as shown in Table III . Therefore, the OT is adopted.
Case 2: According to the empirical value, the defect can be detected when size-to-depth ratio larger than 2:1 [27] , [28] . Therefore the defects 8 to 9 for case 2 can be detected theoretically. Previous studies have indicated that increase the injected energy can increase the detectability [29] . Therefore, in order to detect defect 8 to 9, more energy was injected to specimen in case 2. Unfortunately, single pulsed mode destroyed the specimen or led to disbond due to large energy as shown in Fig. 16 .
Therefore, only periodic-pulsed mode can be applied for Case 2. All the defects in Case 2 were successfully detected as shown in Fig. 17 . The SNR values have been represented in Table. VI. It noted that the SNR for defects 6 to 9 is close to 15dB. Therefore, in combination this to Case 1, all the defects in group 1 can be detected with periodic pulsed thermography mode with probability of detection equals to 100%. 
C. Feasibility Study of Deep Defect Detection
The results of group 2 were shown in Table VII and the defect can be detected. All defect of group2 was visualized and the sensitivity of optical thermography is higher than ECT method. It indicates that the periodic pulsed thermography is suitable for detection of the deeper defects in multilayer specimen.
D. The Influence of Emissivity
In application, the surface of the sample may not be allowed to cover the black paint. Therefore, the influence of surface emissivity should be considered. Fig. 18 represented the result of group 3 which the sample is under testing without painting. The optical thermography cannot detect defects due to the strong influence from the emissivity and the reflection while ECT shows the potential ability to detect defects due to the local volume induction heat that penetrate inner depth on the lead layer. Thus, the ECT will result inner heating by ways of eddy current penetration. Therefore the defect can be detected despite the emissivity variation.
In summary, for detection of multilayer lead-steel bonded structure, periodic pulsed thermography can detect smaller defect than single pulsed thermography and it has the potential to detect deep flaws of multi-layer while preventing specimen from destruction. At the same time, periodic pulsed thermography has the advantages of high signal-to-noise resolution and less sensitivity to local uneven heating. OT has the advantages of larger detection region and no masking compared to ECT. However, OT cannot inject enough energy to specimen without black paint. Thus, the performance of OT is highly influenced by surface's uneven emissivity. 
E. The Quantitative Analysis
The region growing method is utilized to segment and extract defects. Region growing is a region-based image segmentation method. The progress examines the neighboring pixels of initial seed points and determines whether the pixel neighbors should be added to the region [30] . Size expansion rate (SER) is defined to evaluate the accuracy of detection. The size expansion rate is closer to 1, indicating that the detected defect shape is closer to the actual defect shape.
where the S d and S a is the detection area and the actual area, respectively. The region growing method is utilized to segment the result of the OT mode, due to the ECT mode has the coil masking problem. The segmentation process of group1 included two parts. The Fig. 19 (a) is the segmentation of the defects 1 to 5, the raw data is from OT result of the table III. The Fig. 19 (b) is the segmentation of the defects 6 to 9, the raw data is from Fig. 18 . The SER of group 1 is represented in Table VIII .
The segmentation results of group 2 is shown in Fig. 20 . The SER of group 2 is represented in 
VI. CONCLUSION
In this paper, a novel approach of periodic pulsed thermography was proposed for detection of the lead-steel bonded structure. The theory derivation and the simulation indicated the detection feasibility and verified that periodic pulsed thermography have the advantages of decreasing instantaneous temperature rise and increasing signal to noise resolution. Experiment studies verified that the periodic pulsed thermography is effective to small defect detection. In addition, the validation and comparison on both eddy current and optical excitation mode have been conducted.
The OT has advantages of large detection region without any cover compared to ECT. However, the emissivity problem exists since the OT cannot heat the specimen due to the high reflection without painting. ECT can inject heat to inner specimen and shows potential in solving the problem of uneven emissivity. The investigation of eddy current and optical excitation modes for complex geometry samples will be conducted in future work.
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